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One of the benefits of calcium sulfoaluminate (CSA) cements is that these materials gain
strength rapidly, where strength development is often measured in hours instead of days.
This property makes these materials desirable for use in temporary, non-reinforced repairs
of roadways, airfields, and navigable locks. The rapid repair of these infrastructure
elements is critical to transporting supplies into regions devastated by disaster. In these
austere environments, potable water may not be available in sufficient quantities to make
vital repairs, and the use of impure water in the production of CSA cement-based concrete
would be advantageous. However, the hydration products formed by CSA cement are
substantially different from those formed by portland cement and may react differently to
impurities that water sources may contain. This Thesis investigates the impact of various
salts and impure water sources on the early-age strength development of commerciallyavailable CSA cement-based concrete.
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CHAPTER I
INTRODUCTION
Many of the applications where calcium sulfoaluminate (CSA) cements are used
are located on either remote field sites or in areas that have been devastated by disaster.
In either instance, obtaining potable water may be logistically challenging or unavailable.
The goal of this research was to understand which, if any, readily available, untreated,
impure water sources would substantially affect the early-age properties of CSA cement,
since changes in set time and strength development would have the greatest effect on
applications where both CSA cementitious materials and impure water sources were
utilized.
To understand what may be present in untreated water sources that could affect
the early-age properties of concrete, a literature review was conducted to assess the
important reactions that take place in the production of CSA cement, hydration of CSA
cement, and modification of CSA cement-based concretes with admixtures or heavymetal contaminants. A literature review was also conducted to assess the concentration
of impurities typically found in untreated water. Since little has been written about the
effects of using impure mixing water to produce CSA cement-based concrete, historical
studies on the effects of impure water sources on ordinary portland cement (OPC) are
also reviewed.

1

The information gathered from the literature review was used to determine which
impure water sources were the most important to test, and if the impure water samples
had concentrations of impurities that were comparable to previously reported values. The
literature review was also used as a reference when selecting high concentrations of
reagents to produce synthetic solutions and insured that the values selected were possible
and could potentially be encountered in an austere environment. The water sources and
concentrations of synthetic solutions were used as mixing water to prepare CSA cement –
based concrete materials. Samples prepared from these concrete materials were used to
test the time of set and early-age strength development of the concrete materials1.

1

A selection of this research that pertains to saline mixing water sources has been published by Long et al.
[1]
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CHAPTER II
LITERATURE REVIEW
2.1

Calcium sulfoaluminate (CSA) cements
CSA cements were specifically chosen for this study because this material gains

strength rapidly, is commercially available, and is relatively easy to obtain. Other
cementitious materials such as portland cement attain similar unconfined compressive
strengths, but over a longer period of time. Due to the different properties of these
cementitious materials, it is important to assess how this material may be affected by
construction practices, environmental factors, and in-service use. This thesis is
particularly focused on how the use of locally available, untreated, impure water sources
could impact the setting behavior and strength development of CSA cements.
2.1.1

History and usage of CSA cements
Unlike traditional portland cements, CSA cements contain the mineral phase

ye’elimite. Ye’elimite was first synthesized by Ragozina in 1957 [2, 3], and was first
identified as having a composition of C4A3S̅ by Fukuda in 1961 [3, 4]. In the U.S. in the
1960s, Klein [5] patented a cementitious material that could be added to portland cement
or used in lieu of portland cement and contained ye’elimite. This cementitious material
was noted to compensate at least partially for shrinkage in portland cement systems and
could even be used to produce self-stressing cements. By the 1970s, cements
incorporating 30-70% ye’elimite were commercially available, most notably in China
3

where their use was so prevalent that they became known as the “third cement series” [69].
Today, prepackaged CSA cement-based concretes containing ye’elimite are
widely available. This material typically costs 3-5 times more than similarly packaged
conventional portland cement-based concrete mixtures and may require the use of special
mixing equipment. However, its rapid strength development and predominately ettringite
microstructure are advantageous to many applications. Notable applications have
included the rapid repair or construction of roadways, airfields, locks, tunnels, and other
concrete structures [10-15]. CSA-based cements have also been used to stabilize
contaminated soils [16], and researchers are investigating the ability of the cementitious
matrix to bind to and immobilize heavy metals [17-22].
CSA cement-based concretes are approximately 1-2 pH lower than OPC concrete
[14]. This has led to research about the corrosion resistance of steel reinforced CSA
cement-based concrete [23]. Research indicates that CSA cements may offer good
corrosion resistance, but the mechanics behind this corrosion resistance are still being
investigated.
Despite the needle-like porous structure of CSA cements, CSA concretes have
been noted to be resistant to freeze-thaw damage and chemical attack from seawater,
sulfates, chlorides, and magnesium and ammonium salts [24, 25]
2.1.2

Production of CSA cements
The production process of CSA cement is similar to that of portland cement. The

cement is produced when bauxite, red clay, and other alumina-rich materials are
combined with limestone, clay, and gypsum. These raw materials are then fired at
4

approximately 1325°C instead of the 1450°C conventionally used for portland cement [6,
26]. Studies have also reported the successful use of alumina- and calcium-rich waste
materials such as slag, fly ash, marble waste sludge, and incinerated municipal waste as
additives in the production of CSA cements [3, 14, 27]. CSA cement requires less
energy to grind than portland cement, and it is common for 20% calcium sulfate to be
interground with the CSA cement clinker [18, 24, 28-30]. The cement is typically
ground to a fineness comparable to portland cement. However, coarser grinds are slower
to react and therefore, are sometimes used in shrinkage compensating or expansive CSA
additives [14].
The calcium sulfate used to produce CSA cement most commonly comes from
gypsum, bassanite, or anhydrite, but it may also come from industrial sources such as
phosphogypsum and flue gas desulfurization [14, 31-33]. Alkalis, lime, or calcium
hydroxide are sometimes added to the cement as an accelerator.
2.1.3

Hydration kinetics of CSA cements
When combined with water, pure ye’elimite reacts to form monosulfate (Equation

2.1). This process is slow and has a dormant period of several hours. The microstructure
that forms is plate-like, contributes little to strength development, and does not cause
expansion [7, 24, 28].
𝐶4 𝐴3 𝑆̅ + 18𝐻 → 𝐶3 𝐴 ∙ 𝐶𝑆̅ ∙ 12𝐻 + 2𝐴𝐻3 (𝑚𝑜𝑛𝑜𝑠𝑢𝑙𝑓𝑎𝑡𝑒 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛)

(2.1)

However, if calcium sulfate is present when ye’elimite reacts with water,
ettringite is formed (Equation 2.2). Ettringite forms rapidly until the reaction consumes
the available calcium sulfate, at which time monosulfate forms as indicated below by
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Equation 2.1. If more calcium sulfate becomes available, the monosulfate may convert
into ettringite [14, 24, 34].
𝐶4 𝐴3 𝑆̅ + 2𝐶𝑆̅𝐻2 + 34𝐻 → 𝐶3 𝐴 ∙ 3𝐶𝑆̅ ∙ 32𝐻 + 2𝐴𝐻3 (𝑒𝑡𝑡𝑟𝑖𝑛𝑔𝑖𝑡𝑒 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛) (2.2)
Unless measures are taken to delay ettringite formation, ettringite is formed when
the concrete is in a plastic state and is generally believed to be dimensionally stable.
Ettringite is the primary strength bearing phase in CSA cements and is therefore
preferable to monosulfate. As a result, calcium sulfate is typically interground during the
production of CSA cement. In China, CSA cements are classified by gypsum content
relative to the mass of CSA cement. In this classification system, 20% gypsum is
considered to be the divide between dimensionally stable and expansive CSA cements
[24, 30, 35-37].
If calcium sulfate and calcium hydroxide are both present, ettringite forms as
described by Equation 2.3 below. The calcium hydroxide accelerates the formation of
ettringite. Calcium hydroxide may be added at the time that the cement is manufactured
or may be present as a by-product of belite or conventional portland cement [7, 24, 30].
Since calcium hydroxide is a common hydration product of portland cement, this reaction
is critical to the properties of shrinkage-compensating and self-stressing concretes.
Calcium hydroxide is also common in CSA-based cements used for repair applications to
accelerate rapid strength development [14, 24, 30].
𝐶4 𝐴3 𝑆̅ + 2𝐶𝑆̅𝐻2 + 6𝐶𝐻 + 74𝐻 → 3𝐶3 𝐴 ∙ 3𝐶𝑆̅ ∙ 32𝐻 (𝑒𝑡𝑡𝑟𝑖𝑛𝑔𝑖𝑡𝑒 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛) (2.3)
An example of calcium and other alkali salts being used to accelerate the
hardening of CSA-based cements in the construction of mine walls was described by
Long et al. [38]. For this application a grout had to be pumped for a long distance, but
6

once in place it needed to gain strength rapidly to further progress in the tunnel. As a
result, two separate slurries were pumped. One contained ye’elimite and water, while the
other contained calcium sulfate in the form of anhydrite and alkali salts suspended in a
bentonite solution. The 2 resulting slurries were noted to remain dormant for very long
periods of time and harden rapidly when mixed [14, 38].
Ye’elimite reacts much more readily and quickly than other mineral phases in CSA
cements such as belite, calcium aluminoferrite, or calcium aluminate. When present, these
other mineral phases may hydrate to form strätlingite, calcium silicate hydrate, or calcium
aluminate hydrate depending on what minerals are present in the CSA cement. Belite has
a much lower rate of hydration than ye’elimite and tends to form strätlingite if enough AH3
is present (Equation 2.4) [39]. Even though this reaction is slower, CSA-belite (CSAB)
cements continue to gain strength over time, attaining compressive strengths equal to or
greater than conventional CSA cements.
𝐶2 𝑆 + 𝐴𝐻3 + 5𝐻 → 𝐶2 𝐴𝑆𝐻8 (𝑠𝑡𝑟𝑎̈ 𝑡𝑙𝑖𝑛𝑔𝑖𝑡𝑒 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛)
2.1.4

(2.4)

Effects of admixtures and impurities on the early-age properties and
microstructural development of CSA cements
Research has noted that the early-age strength development of CSA cements has

been retarded by chloride salts, phosphates, and fluorides [14, 15, 40, 41], while earlyage strength development was accelerated by calcium sulfate, calcium hydroxide, and
alkali salts [7, 14, 24, 28, 29, 41]. Other substances that retarded setting time including:
citric acid, borax, and hydroxylic organic compounds including sugar, tartaric acid, and
gluconic acid [14, 34, 40]. Lithium nitrate and lithium hydroxide were reported to
accelerate strength development in CSA cements [39, 42].
7

Citric, carboxylic, and tartaric acids are believed to retard the setting time of CSA
cements by binding to aqueous Ca2+ and Al3+ ions and slowing the nucleation and growth
of phases such as ettringite [14, 34]. Borax is believed to retard strength development
because it goes into solution rapidly, raises the pH, and slows the dissolution of mineral
phases such as ye’elimite [40].
Palou and Majling [41] noted that AlCl3 and CaCl2 retarded the formation of
hydration products in CSA cements while Na2SO4 and Al2(SO4)3 accelerated the
formation of hydration products. Lan and Glasser [43] reported that calcium chloride
greatly retarded the heat generated during the hydration of CSA cements containing
substantial quantities of belite.
Additionally, researchers have found that the early-age properties of CSA
cements are influenced by salts found in the cement or added during mixing. Burris and
Kurtis [34] reported that CSA cements with a calcium sulfate content greater than 20%
had a substantially lower strength at all ages studied when citric acid was used as a
retarder. This effect was not observed in CSA cements with a calcium sulfate content
less than 20%.
In general, lower sulfate contents and the formation of AFm (Al2O3-Fe2O3-mono)
phases have been noted to correspond with increased set times and retarded strength
development. The AFm phases that have been noted to form include Friedel’s salt
(C3A‧CaCl2‧10H2O), Kuzel’s Salt (C4F H12), strätlingite (C2ASH8), and U-phase
(C4A0.9N0.5S1.1H16).
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Additionally, high concentrations of CaCO3 in water mixed with CSA cements
has been noted to promote the formation of C6AC-H32. The resulting microstructure was
noted to contain large, hollow, tubular, ettringite crystals [14].
Zajac et al. [40] observed that a solution made using a CSA cement and borax had
a lower pH than anticipated and hypothesized that since the solution had high
concentrations of Na2O, Al2O3, and SO3, either U-phase or Dawsonite had precipitated
out.
2.2

Impure water sources
Untreated, “impure” water sources are noted to cover approximately 70% of the

Earth’s surface, which does not include the water present in underground aquifers [44].
These water sources contain impurities that are a result of both natural processes (such as
dissolution of geologic structures) and land development (such as agricultural run-off,
spillage of petroleum, pesticides, sulfates, and other industrial waste).
From an environmental perspective, the salinity of surface water has been noted
to have a profound effect on the local ecology. Two of the most common sources of
salinity, chloride salts and phosphate salts, are also noted to affect the setting behavior
and microstructural development of CSA cements. Other impurities such as silt and iron
are commonly present in quantities large enough to change the appearance of the mixing
water.
2.2.1

Effects of impurities on the early-age properties of ordinary portland
cement (OPC)
Since there is little information on how CSA cements will react when mixed using

impure water, this section focuses on historical research examining the effects of impure
9

water sources on OPC and the different types of impure water that may be encountered in
a remote location or region devastated by disaster where the use of impure water in the
production of CSA cement-based concrete would be most advantageous.
In 1924, Abrams [45] measured the effects of 52 different water sources on the
setting time, consistency, and unconfined compressive strength development of OPC
concrete and mortars. After running approximately 6000 tests, Abrams concluded the
following:

“In spite of the wide variation in the origin and type of the waters used,
and contrary to accepted opinion, most of the samples gave good results in
concrete. This result seems to be due to the fact that the quantity of injurious
impurities present is quite small. The following samples gave concrete strengths
below the strength ratio of 85 per cent which was considered the lower limit for
acceptable mixing waters: Acid waters, lime soak from tannery, refuse from paint
factory, mineral water from Colorado, and waters containing over 5 per cent of
common salt.” [45].

Waters specifically noted by Abrams to affect OPC concrete included a 10%
reduction in strength when the sulfate content approached 1% of the mixing solution, a
23-35% reduction in strength when water from the Great Salt Lake was used which
contained approximately 20% sodium chloride, and a 20% reduction in strength when
carbonated mineral water from Colorado was used as the mixing water although most
other sources of mineral water performed well [45].
10

Abrams also noted that concrete produced using sanitary sewage attained 83-85%
of the strength of the control if wet cured, and 92 to 102% of the strength if air-cured.
Abrams cautioned against using common salt for the purpose of lower the freezing point
of the mixing water during cold weather, demonstrating that 5% salt lowers the freezing
point of water about 3.3°C but results in a decrease in unconfined compressive strength
of OPC of approximately 30% [45].
In studying the effects of seawater containing approximately 3.5% salts most of
which was sodium chloride, researchers noted that OPC concrete strength increased at
ages of 3 and 7 days and setting behavior was accelerated when compared to the control
[45-47]. However, unconfined compressive strengths at 28 days were 80 to 98% of the
control. Using seawater was not recommended for use in reinforced concrete due to
concerns that the ions would contribute to the corrosion of reinforcement [45, 47].
Greywater is a waste product of showers, washing machines, and other household
sources that do not include toilets. This type of water describes 50-85% of the household
wastewater around the world [44], and constitutes water source available anywhere
people reside. Alqam et al. [48] noted that OPC concrete mixed and cured with
greywater attained unconfined compressive strengths equal to that of concrete cured
using potable water, and the unconfined compressive strength slightly increased at earlyages (less than 7-days).
2.2.2

Concentrations of impurities in untreated water sources
Abrams study [45] helped to identify water impurities that may hinder strength

development in OPC. However, the chemical reactions that take place during the
hydration of CSA cements are different from those of OPC and may be affected
11

differently. Present studies have focused on the use of admixtures or ions present in
hazardous waste materials that must be contained, but not on the concentrations of
materials commonly found in the everyday environment. Early-age strength
development in CSA cements has been shown to be retarded by chloride salts,
phosphates, and fluorides, while early-age strength development was accelerated by
calcium sulfate, calcium hydroxide, and alkali salts. Since all of these substances are
commonly found in natural water sources, it is important to quantify the concentration of
each substance typically present in natural water sources (Table 2.1).
ASTM C1602 [49] specifies that when non-potable water is used as mixing water
to produce hydraulic cement concrete, the unconfined compressive strength shall not be
less than 90% of the control mixture produced using potable water, and the time of set must
be no more than 1 hour less or 1 hour and 30 minutes more than the control. ASTM C1602
also specifies optional chemical composition limits for combined mixing water, which are
referenced in Table 2.1. This guidance was written based on the setting properties and
reaction kinetics of ordinary portland cement and does not capture the rapid strength
development that is typical of CSA cement.
Note that seawater has a composition very similar to what is typically used for
“synthetic” seawater described in ASTM D1141 [46, 50, 54]. This composition is typical
for seawater, but the actual composition can vary greatly based on location, marine life,
and depth [50]. Chlorides are present in all natural waters, however, in most cases these
values are low. Chlorides are typically less concentrated in freshwater surface streams than
sulfate and bicarbonate [50].
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Table 2.1

Compositional range of natural water sources (mg/L)

Source
Fresh Water,
Dundee MI [45]
Great Salt Lake, UT
[45]
Briny Well
Okmulgee County,
OK [50]
Briny Well Midland,
MI [51]
Industrial Waste
Endicott, NY [45]
Industrial Waste
Chicago, IL [45]
Seawater [50]
Dead Sea [52]
Minnesota Bog [45]
Mississippi River
New Orleans, LA
[53]
ASTM C1602 [49]
optional limits

2

3

Concentration
(g/L)
Total Total
Ca
Solid Salinity
s
2.7
2.4
340

Concentration (mg/L)
Mg

Na and SO4
K

Cl

100

400

1480

65
126700

228

227

1280

6330

78600

140

137

7470

1330

43900

1440
0
47

N/R

114

73340

9477

31300

13

187000

9.0

6.1

1220

trace

1650

1000

2200

53

39

420

5750

3520

540

N/R
N/R
145
223

34
301
40
94

410
16400
20
34

1350
36200
5
8.9

10900
45000
5
13.8

2870
0
2700
600
5
25.5

6002

3,000

5003 1,000

50,000

(Na2O +.658 K2O)
600 for prestress and bridge decks, 1000 for other reinforced concrete
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83800

19000
197000
5
10.3

CHAPTER III
RESEARCH APPROACH
Due to the criticality of restoring functionality to damaged infrastructure
elements, only the early-age unconfined compressive strength of the CSA cement-based
materials were studied. This thesis assumes that after expedient repairs are made using
CSA cement-based materials and supplies begin to flow into the region devastated by
disaster, planned repairs using conventional materials and potable water sources could be
staged as necessary to maintain functionality. As a result, this thesis does not attempt to
identify long-term durability issues related to the use of impure mixing water in the
production of CSA cement-based concrete.
Just as this thesis does not touch on the long-term effects of using impure mixing
water sources, it also does not examine other factors that will affect early-age
performance, such as curing temperature or placement methods. Both of these elements
were closely controlled in this study to develop a clearer understanding of how impure
water sources could affect early-age properties.
To accomplish the goal of this research of understanding the effects of impure
water sources on early age properties of CSA-based cement, a research program was
undertaken in two parts. In the first part twelve synthetic water solutions were prepared
at concentrations similar to those found in nature using common chloride and sulfate
salts. These solutions were prepared to demonstrate the effects of specific ions that may
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be present in impure water sources on the early-age strength development of a CSA
cement-based concrete material. In the second part of the research program, the
unconfined compressive strengths of CSA cement-based concrete cast using each of the
twelve synthetic water solutions for mixing water were then compared to those obtained
using each of six natural water and greywater sources, and a control de-ionized mixing
water. Additionally for the natural water and greywater sources, a second CSA cementbased material for flowable fill applications was tested. Time of set measurements were
recorded for both CSA cement-based materials mixed using natural water and greywater
sources.
Since this research program is focused on commercially available CSA materials
and not those synthesized or optimized in the laboratory, tests were conducted by the
author in conjunction with others to quantify the cementitious content, bulk chemistry,
and mineralogical composition of the CSA cement-based concrete. Similarly, the
compositions of the impure, natural water and greywater sources were also tested by an
outside laboratory.
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CHAPTER IV
MATERIALS AND METHODS
4.1

Composition of commercially available CSA cement-based concrete
Materials
Since commercially available concrete and flowable fill materials are sold pre-

blended with aggregates, it is difficult to calculate a true cementitious content. For
practical purposes, all material passing the sieve with 75-µm openings (U.S. #200) was
assumed to be predominately cementitious material due to its size. This material is
referred to in this article as the cementitious content of the product, even though it may
contain small quantities of powdered admixtures or inert fines. The composition of the
cementitious material was tested using X-Ray Fluorescence (XRF) and X-Ray
Diffraction (XRD). Additional details and the results of the of this testing can be found
in APPENDIX A.
4.2

Water source identification and characterization
Twelve synthetic water solutions (S) and six natural water and greywater samples

(N) were studied in this program. The synthetic solutions were much simpler in
composition than natural water or greywater sources, allowing for the effects of various
ions to be controlled within the study.
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4.2.1

Synthetic Water Solutions (S)
To prepare the synthetic water solutions, crystalline or powdered reagent quality

chemicals were added to de-ionized water. The concentrations of the compounds added
to the water and the Solution ID used to refer to these solutions are provided in Table 4.1.
The Solution ID for each solution consists of an “S” for “synthetic solution” followed by
a shorthand notation indicating the cation and anion, respectively. The number at the end
of the solution ID indicates the mass of the cation in the solution. A commercially
available synthetic seawater without heavy metals, S(S), prepared in accordance with
ASTM D1141 [54], was also studied.
These synthetic solutions were prepared 2-24 hrs prior to mixing to allow heat to
dissipate prior to mixing. The solutions were mechanically agitated prior to mixing to
ensure that any precipitate was reincorporated into the solution. The control de-ionized
water was obtained by using a Labconco WaterPro PS polishing system. This water
meets ASTM D1193-03 (2018), Standard Specification for Reagent Water [55],
requirements for Type I reagent water.
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Table 4.1
Solution
ID
S(CC0)
S(CC7)
S(CC29)
S(CS7)
S(KC7)

S(MC4)

S(MS4)
S(NC8)
S(NC11)
S(NC50)
S(NS1)

S(S)

Synthetic water solutions
Reagent
added
CaCl2
CaCl2
CaCl2

mg/L

Justification for concentration selected

1,250 Typical concentration of calcium found in seawater [50, 54].
20,000 Calcium chloride concentration is comparable to brine from an oil well in Okmulgee County, OK [50]
80,000 This represents the highest concentration of calcium chloride that is likely to be encountered from
natural or contaminated water sources. This concentration is greater than that found in the Great Salt
Lake and the Dead Sea and less than that found in a briny well in Midland, MI [45, 51, 52].
CaSO4
42,280 The concentration of calcium cations is comparable to that found in S(CC7). However, the sulfate
concentration is higher than what is typically found in impure water sources.
KCl
13,440 The concentration of potassium cations is comparable to the concentration of cations found in S(CC7),
S(NC8), and S(CS7). This concentration of potassium is greater than that typically found in impure
water sources, but impure waters containing this amount of potassium or more have been reported in a
few locations, including Midland, MI [51].
MgCl2‧
17,160 The concentration of chloride anions is comparable to S(CC7). The magnesium in this solution is
more concentrated than that found in most water sources, but this concentration is still less than those
6H2O
found in water samples obtained from the Great Salt Lake, UT; Midland, MI; or water from the
Chicago area [45, 51].
MgSO4
11,080 The concentration of magnesium cations is comparable to that of S(MC4). The sulfate concentration is
elevated when compared to the concentration that is found in most impure water sources.
NaCl
20,000 The concentration of sodium cations is comparable to the concentration of cations found in S(CC7),
S(KC7), and S(CS7).
NaCl
27,960 Typical concentration of sodium found in seawater [50, 54].
NaCl
127,100 The concentration of sodium chloride is comparable to that found in the Dead Sea [52]
Na2SO4
3,000 The sulfate content is near optional upper limits on sulfate content for mixing water that are specified
in ASTM C1602/1602M-12, Standard Specification for Mixing Water Used in the Production of
Hydraulic Cement Concrete [49]. This also corresponds to a sulfate concentration that is typical of
seawater [54].
Synthetic seawater without heavy metals ASTM D1141 [54]
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4.2.2

Natural water and greywater sources (N)
Six samples from natural water and greywater sources that were collected from

different environments and could feasibly be used to produce concrete were considered in
this study. The shorthand notation used to identify these sources throughout this thesis and
a description from where the water was obtained are provided in Table 4.2. These water
sources varied from fresh water sources such as rainwater and river water to saline sources
such as those found in the ocean or in brackish water. Greywater was obtained from a site
where used shower water was stored in outdoor tanks until it could be transported to a
water treatment facility. In each case, water was pumped directly from the water source
into two 200-liter drums, which was sufficient to complete all testing for this program.
Table 4.2

Short-hand notation for natural water sources used to prepare concrete
samples
Notation
C(DI)
N(B)
N(G)
N(MR)
N(P)
N(RN)
N(S)

Water Description
Deionized
Brackish, sampled near
Biloxi, MS, USA
Greywater, sampled near
Hattiesburg, MS, USA
Mississippi River,
sampled near Vicksburg,
MS, USA
Eutrophic Pond, sampled
near Vicksburg MS,
USA
Rainwater, sampled near
Vicksburg MS, USA
Gulf of Mexico
Seawater, sampled near
Biloxi, MS
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These impure water samples were not treated prior to mixing the CSA cementbased concrete since using untreated water would be most expedient and cost-effective way
to obtain the mixing water necessary to produce materials for rapid repairs or soil
stabilization. To ensure that the water makeup did not undergo biological changes during
the testing, the water was kept at 5°C until samples were pulled from the bulk containers
24-72 hrs before testing or mixing with concrete.
The composition of each of the natural water sources was characterized at a
commercial water quality testing laboratory. Total dissolved solids were analyzed in
accordance with Standard Method 2540C, Standard Methods for the Examination of Water
and Wastewater: Solids [56]. Anions were analyzed by Ion Chromatography (IC) at 48
hrs and at 28 days in accordance with EPA Method 300.0, Methods for the Determination
of Inorganic Anions by Ion Chromatography [57]. Metals were analyzed through
inductively coupled plasma (ICP) in accordance with EPA SW-846 Method 6010C,
Inductively Coupled Plasma-Atomic Emission Spectrometry [58]. Turbidity, corrosivity or
pH, and total organic carbon (TOC) were analyzed in accordance with Standard Methods
2130B, Standard Methods for the Examination of Water and Wastewater: Turbidity [59];
4500 H+B, Standard Methods for the Examination of Water and Wastewater: pH Value
[60]; and 5310B, Standard Methods for the Examination of Water and Wastewater: Total
Organic Carbon [61], respectively. The results are reported in Table 4.3, using the naming
convention from Table 4.2.
The Mississippi River composition is surprisingly similar to that reported by the
USGS in 1963[50, 53]. The rain water contained more carbonates than other researchers
reported. Otherwise, the composition of the rain water was similar to what other authors
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had found in the 1950s-1970s [50, 62-64].
Table 4.3
Category

Composition of natural water sources used to prepare concrete samples4

Analyte
Ca
Mg
Metals
K
Na
TOC
Turbidity
Hardness
General
as
Chemistry
CaCO3
TDS
pH
Anions
Chloride

N(B) N(G) N(MR)
47
7.2 17
130
2.5 8.1
56
5.9 5.8
1100 100 7
7.4
22 5.7
1.9
16 100

N(P)
15
67
4.9
21
4.1
5.1

N(RN)
1.6
0.13
0.22
7
1.5
1

N(S)
93
270
120
2600
6
14

Units
mg/L
mg/L
mg/L
mg/L
mg/L
NTU

800

46

180

80

12

1600

mg/L

3500
7.5
2200

330
7.3
58

140
7.4
11

150
8.5
21

27
7.0
2.9

8100
7.7
4600

mg/L
mg/L

The seawater sample was more dilute than that typically observed for seawater.
This was not unexpected, as the water was sampled from a depth of less than 1 m in the
Gulf of Mexico near Biloxi, MS. This is a region where the water is shallow and there is
a large amount of freshwater from streams and runoff intermixing with the seawater.
Although this may be dilute for seawater, it is a real-world scenario that an engineer may
face if using seawater as mixing water to rapidly repair critical infrastructure. The results
obtained were also compared to that of a synthetic seawater, prepared at concentrations
comparable to that typically found in seawater [54].
For the ions included in this study, the pond water sampled from Vicksburg,
Mississippi was remarkably similar to the Minnesota Bog water sampled by Abrams in
the 1920s [45]. With the exception of being low in calcium, the brackish water was

4

Testing of natural water and greywater sources in Table 4.3 was performed by Test America Laboratories,
Inc.
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comparable, for the ions studied, to the industrial waste water sampled by Abrams in the
1920s [45].
4.3

CSA concrete specimen preparation
Each test age included at least four unconfined compressive strength specimens

cast from at least two different batches of CSA cement-based concrete. Additional
replicates were cast from batches utilizing de-ionized water, synthetic seawater, natural
water, and greywater sources in order to generate more statistically robust results for the
control and more complex mixing water sources.
4.3.1

Mixing Procedures
All mixing took place in a temperature-controlled room that was kept at a constant

23 ±2.0°C. The dry materials were stored in this room for at least 20 hrs prior to mixing
to ensure that the material’s temperature was at equilibrium with the room.
This study used the manufacturer’s maximum recommended water content. For
the concrete material, this meant that 3550 mL of water was added per 22.7 kg of preblended material, which was equivalent to approximately a 0.56 water-to-cementitious
ratio. For the flowable fill material this meant that 4725 mL of water was added per 22.7
kg of pre-blended material, which was equivalent to approximately a 2.45 water-tocementitious ratio. It was believed that this would maximize the impact that impurities
would have on the properties of the concrete and provide data on the worst-case scenario
for concrete performance. A visual inspection was conducted after mixing the material to
ensure no segregation was apparent prior to casting test specimens.
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4.3.2

Time of Set Measurements
Initial and final set were measured in accordance with ASTM C403/403M-16,

Standard Test Method for Time of Setting of Concrete Mixtures by Penetration
Resistance [65]. To prevent the coarse aggregate from interfering with time-of-set
measurements, each of the concrete mixtures was wet-sieved over a sieve with 4.75-mm
openings.
4.3.3

Curing and Unconfined Compressive Strength Testing
All cylinders that were tested for unconfined compressive strength were cast,

consolidated, and finished in accordance with ASTM C192/192M-16, Standard Practice
for Making and Curing Concrete Test Specimens in the Laboratory [66], with the
exception that the cylinders were cured in an ambient 23°C air environment instead of by
wet curing. This exception was made per the manufacturer’s recommendations. These
75 x 150-mm cylinders were tested for unconfined compressive strength in accordance
with ASTM C39/39-M, Standard Test Method for Compressive Strength of Cylindrical
Concrete Specimens [67].
The ends of the specimens tested at 24 and 168 hrs were ground. There was not
sufficient time prior to testing to grind the ends of the specimens tested at 2 hrs, and
neoprene caps were used to prepare the ends for testing in accordance with ASTM
C1231/C1231M-15, Standard Practice for Use of Unbonded Caps in Determination of
Compressive Strength of Hardened Cylindrical Concrete Specimens [68]. A maximum
of two cylinders were tested from a single batch at 2 hrs and 24 hrs, and a maximum of
three cylinders were tested from a single batch at 168 hrs. This allowed for the strength
testing to take place ±15 min at 2 hrs, ±30 min at 24 hrs, and ±1 hr at 168 hrs.
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A one-way analysis of variation was conducted and used to calculate pooled
standard deviation for each of the early-age properties. Bar charts were plotted to display
the 95% confidence interval after applying Bonferroni’s correction. The Dunnett multiple
comparison tool was used to evaluate whether the results were statistically different from
the control [69].
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CHAPTER V
RESULTS AND ANALYSIS
5.1

Synthetic Solutions (S)
The synthetic solutions in this study were divided into five categories: calcium

chloride solutions, sodium chloride solutions, sulfate solutions, common metal chlorides,
and constituents of salinity commonly found in seawater. This approach helps to
illustrate the effects of ion concentration and to directly compare the effects of different
cations or anions.
5.1.1

Calcium chloride solutions
In order to study the effects of calcium chloride on early-age CSA cement-based

concrete strength development, three concentrations were selected. The results showed a
retardation of unconfined compressive strength development when large amounts of
calcium chloride were added to the CSA cement-based concrete mixture. This effect was
quite severe at high concentrations, as shown in Figure 5.1.
This effect lessened at later ages, where mixtures prepared using concentrated
calcium chloride solutions attained unconfined compressive strengths that were
statistically greater than that of the control. This behavior was noted for mixtures
prepared using S(CC7) at 24 and 168 hrs and for S(CC29) at 168 hrs.
The retarded strength development of CSA cement-based concrete that utilized
mixing water containing calcium chloride supports findings by Lan and Glasser [43],
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who observed that the addition of calcium chloride to a CSA cement containing belite
greatly lessened the cumulative heat of hydration of the cement at 24 hrs. Lan and
Glasser [43], also noted the formation of Friedel’s salt after XRD analysis, and with a
microscope they observed that Friedel’s salt appeared to coat the partially hydrated
clinker grains and create a barrier between the water and the cement grains.

Figure 5.1

Unconfined compressive strength of CSA cement-based concrete when
mixed using solutions containing calcium chloride at test ages of 2, 24, and
168 hours

From a field engineering perspective, it is also important to note that calcium
chloride can have a retarding effect on the strength development of CSA cement-based
concrete. This is very different form ordinary portland cement concretes, where calcium
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chloride is sometimes used as an accelerator. However in order to have a substantial
retarding effect, the source of calcium chloride must be relatively concentrated. The
typical concentrations of calcium chloride found in surface freshwater and normal
seawater were not great enough for a retarding effect to be observed.
Interestingly, the retardation effects noted at 2 hours showed a strong correlation
to the natural log of the concentration of calcium chloride in the solution (Figure 5.2). It
is also noteworthy that while calcium chloride is a powerful accelerator for OPC-based
concrete, it clearly retards strength development in CSA cement-based concrete.

Figure 5.2

Effect of calcium chloride dosage on unconfined compressive strength at 2
hours
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5.1.2

Sodium chloride solutions
Sodium chloride occurs in nature at a substantially greater concentration than

calcium chloride. To study the impact of sodium cations compared to calcium cations,
three concentrations of sodium chloride were compared to the control. The early-age
unconfined compressive strength results for these three solutions and a control are shown
in Figure 5.3. Unlike calcium chloride, the concentration of sodium chloride in the
mixing water had a negligible effect on the early-age unconfined compressive strength of
concrete made using CSA cement, even at much higher concentrations.

Figure 5.3

Unconfined compressive strength of CSA cement-based concrete when
mixed using solutions containing sodium chloride at test ages of 2, 24, and
168 hours
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The mean unconfined compressive strengths of concrete produced using mixtures
S(NC8) and S(NC50) were lower than the mean of the control at 24 hrs. While this
strength reduction was great enough to be statistically significant, the unconfined
compressive strengths of the S(NC8) and S(NC50) mixtures were statically greater than
and comparable to the control, respectively, at 2 hrs. Furthermore, the intermediate
concentration of sodium chloride S(NC11) had an unconfined compressive strength that
was comparable to the control at all ages studied. Concrete prepared using all three
concentrations of sodium chloride had unconfined compressive strengths that were
comparable to the control at 168 hrs.
The author does not believe that the observed deviations from the control are
indicative of adverse effects on the early-age unconfined compressive strength
development of CSA cement-based concrete produced using mixing waters containing
sodium chloride. These concentrations include those most likely to be encountered in
natural water sources.
5.1.3

Sulfate Solutions
Calcium sulfate is typically used to produce the CSA clinker and is integround

into the CSA cement to control setting behavior. Since calcium sulfate and other forms
of sulfate are commonly found in impure water sources, the effects of sodium,
magnesium, and calcium sulfate on early-age strength development were also studied
(Figure 5.4).
The sodium sulfate S(NS1) had a negligible effect on concrete strength
development, but the mixing water containing sodium sulfate was also less concentrated
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than other solutions containing either sodium or sulfate ions. Additional calcium sulfates
S(CS7) in the mixing water accelerated strength development at 2 hrs and 24 hrs.

Figure 5.4

Unconfined compressive strength of CSA cement-based concrete when
mixed using solutions containing sodium, magnesium, and calcium sulfate
at test ages of 2, 24, and 168 hours

By the time the concrete had cured for 168 hours, the impact of the sodium and
calcium sulfate mixing water on concrete unconfined compressive strength was
negligible. Concrete produced using the magnesium sulfate solution S(MS4) had an
unconfined compressive strength that was statically greater than the control at all curing
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times, and no statistically significant reductions in strength were observed for any of the
solutions.
From a field engineering perspective, this study did not find any adverse effects
on the early-age unconfined compressive strength of the CSA cement-based concrete as a
result of the addition of sodium, magnesium, or calcium sulfate at the concentrations
studied. These concentrations include those most likely to be encountered in natural
water sources.
5.1.4

Common metal chlorides
Four of the most common cations found in impure water sources include calcium,

sodium, magnesium, and potassium. In order to see if the chloride salt that forms with
each of these cations would affect the CSA cement-based concrete differently, similar
concentrations of calcium, sodium, and potassium chloride were selected. A
concentration of magnesium chloride that is elevated from that typically found in nature
but at a lower concentration rate than the other chloride solutions was also studied, since
the higher dosage rate was unlikely to occur in nature. The results of this testing are
shown in Figure 5.5.
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Figure 5.5

Unconfined compressive strength of CSA cement-based concrete when
mixed using sodium, potassium, magnesium, and calcium chloride at test
ages of 2, 24, and 168 hours

When compared to calcium chloride, the same reduction in 2 hrs strength was not
observed when concrete was prepared using mixing water containing sodium chloride,
potassium chloride, or magnesium chloride. In fact, the mixture incorporating potassium
chloride had the greatest strength of any of the synthetic solutions studied. This effect
was observed at all three ages tested in this study. At 168 hrs age, potassium chloride,
magnesium chloride, and calcium chloride all had a positive effect on strength
development.
From a field engineering perspective, solutions containing potassium chloride,
sodium chloride, and magnesium chloride did not reduce early-age unconfined
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compressive strength development in CSA cement-based concrete when the solutions
were prepared at concentrations comparable to those found in highly concentrated natural
water sources. Calcium chloride retarded strength development after 2 hrs, after which
the concrete continued to gain strength, meeting or exceeding the strength of the control
at 24 and 168 hrs. Moderate increases in early-age unconfined compressive strength
were observed when concrete was prepared using potassium and magnesium chloride
mixing waters.
5.1.5

Seawater
Seawater contains many different ions and is likely to be available at remote

locations where the use of CSA cement-based repair materials would be advantageous.
Solutions of calcium chloride S(CC0), sodium chloride (NC11), and sodium sulfate
S(NS1) were selected at concentrations near that of typical seawater. The results were
then compared to synthetic seawater, S(S) prepared in accordance with ASTM D1141
[54] (Figure 5.6).
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Figure 5.6

Unconfined compressive strength of CSA cement-based concrete when
mixed using solutions that contain concentrations of specific ions that are
similar to that typically found in seawater at test ages of 2, 24, and 168
hours

From a field engineering perspective, this study did not find any adverse effects
on the early-age unconfined compressive strength of the CSA cement-based concrete as a
result of the addition of calcium chloride, sodium chloride, sodium sulfate, or synthetic
seawater without heavy metals at the concentrations studied. These concentrations
include those commonly associated with seawater.
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5.2

Early-age properties of commercially available CSA cement-based concrete
products prepared using natural water and greywater sources (N)
After studying the effects of simplified synthetic solutions, time of set and

unconfined compressive strength specimens were prepared from commercially available
CSA cement-based materials and mixing water obtained from natural water and
greywater sources. The CSA cement-based materials were expanded to include both
concrete and flowable fill.
Since the composition of each water source is complex and the CSA products
have different compositions, it was important to test these materials to see if any adverse
reactions, particularly in strength development, were noticeable in the first 7 days after
the material was cast.
5.2.1

Time of set for CSA cement-based concrete mixed with natural water and
greywater sources
Initial and final set occurred almost simultaneously in the concrete material, and

the average set times were within 5 minutes of the control for each of the water sources
studied. The setting behavior in Figure 5.7 was not statistically different from the control
and no negative effects on the setting time of the CSA cement-based concrete were
observed when natural water or greywater sources were used for mixing water.
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Figure 5.7

Initial and final set of CSA cement-based concrete mixed with natural
water and greywater sources

Reference lines placed at ±5 minutes (green) and ±10 minutes (red) from initial and final
set of control.
36

5.2.2

Early-age unconfined compressive strength for CSA cement-based
concrete mixed with natural water and greywater sources
Three fresh water sources were used as mixing water for the CSA cement-based

concrete: rainwater N(RN), Mississippi River water N(MR), and pond water N(P).
Although these were not saline solutions, the fresh water sources contained other
impurities. The fresh water sources did not appear to impact the early-age unconfined
compressive strength development of the concrete (Figure 5.8).
Testing was also conducted using seawater N(S), brackish water N(B), and
greywater N(G). Since the seawater sampled for these experiments was more dilute than
typical seawater, the results are also shown compared to a commercially available
synthetic seawater S(S). Despite the impurities present in these water sources, the mixing
water appeared to have little impact on the early-age strength development of the
concrete (Figure 5.9).
Regardless of the source of the mixing water, the average compressive strength of
the CSA cement-based concrete material was at least 90% of the control, which is
commonly specified in ASTM C1602 [49]. From a field engineering perspective, this
study did not find any adverse effects on the early-age unconfined compressive strength
of the CSA cement-based concrete as a result of using any natural water or greywater
mixing water sources included in this study. These findings are also supported by the
testing of synthetic solutions with similar or elevated concentrations of different
constituents of salinity.
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Figure 5.8

Unconfined compressive strength of CSA cement-based concrete mixed
with fresh water sources at 2 24, and 168 hrs

Reference lines placed at ±10% (green) and ±20% (red) from the mean unconfined
compressive strength of the control.
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(a)
Figure 5.9

Unconfined compressive strength of CSA cement-based concrete mixed
with salt water and greywater sources at 2 24, and 168 hrs

Reference lines placed at ±10% (green) and ±20% (red) from the mean unconfined
compressive strength of the control.
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5.2.3

Time of set for CSA flowable fill mixed with natural water and greywater
sources
The setting behavior of the flowable fill material varied much more than the

concrete material (Figure 5.10). From an engineering perspective, it is difficult to
determine what the setting behavior of the flowable fill material should be, even when
mixed using the control water source due to its intentionally low strength. The large
variations in the cementitious content may have also contributed to this experimental
variation (APPENDIX A).
5.2.4

Early-age unconfined compressive strength for CSA flowable fill mixed
with natural water and greywater sources
The unconfined compressive strength of the flowable fill material in Figure 5.11

and Figure 5.12 varied substantially as a percentage of the unconfined compressive
strength of the control, struggling to stay within 20% of the mean. However, the
unconfined compressive strength of the flowable fill material is by definition quite low,
and the actual pooled standard deviation was near 1.0 MPa.
Flowable fill samples that were cast using rainwater appeared to gain strength
more rapidly than the control between 2 and 24 hours and then began to lose strength
between 24 hours and 168 hours (Figure 5.11). A fourth batch was cast using the
rainwater and a similar effect was observed. A possible explanation may be that, due to
the low strength of the flowable fill material and fluctuations in cement content,
experimental variability in the test methods may be more pronounced, making it difficult
to accurately assess variations in strength that are attributable to differences in the
composition of the mixing water.
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Figure 5.10

Initial and final set of CSA cement-based flowable fill mixed with natural
water and greywater sources
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Reference lines placed at ±5 minutes (green) and ±10 minutes (red) from initial and final
set of control.

Figure 5.11

Unconfined compressive strength of CSA cement-based flowable fill
mixed with fresh water sources at 2 24, and 168 hrs

Reference lines placed at ±20% (red) from the mean unconfined compressive strength of
the control.
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Figure 5.12

Unconfined compressive strength of CSA cement-based concrete mixed
with salt water and greywater sources at 2 24, and 168 hrs

Reference lines placed at ±20% (red) from the mean unconfined compressive strength of
the control.
43

Both the seawater and the greywater produced flowable fill with unconfined
compressive strengths that were statistically greater than samples cast using deionized
water at all test ages included in this study (Figure 5.12). When these results are
compared back to initial and final set times (Figure 5.10), both the seawater and
greywater had an average set time 10-15 minutes faster than the control. Although the
penetrometer method may not be capable of accurately measuring the time of set of the
flowable fill material due to its inherently low strength, the quick set times coupled with a
moderate increase in early-age compressive strength both indicate that early age strength
development could have been accelerated by the mixing water.
Further research on a stronger material with a similar cement chemistry to the
flowable fill material may reveal that the strength development of the CSA cement used
to produce the flowable fill is more sensitive to water impurities than the cement used to
produce the concrete material.
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CHAPTER VI
SUMMARY
This thesis studied the effects of impure water sources on the early-age strength
development of commercially available calcium sulfoaluminate (CSA) cement-based
concrete products. Twelve synthetic water solutions were prepared to isolate the effects
of specific ions commonly found in impure water sources on the early-age strength
development of a CSA cement-based concrete product.
Of these water solutions, those prepared using calcium chloride had the greatest
retarding effect on strength development. However, for the retarding effect to be notable
enough to impact construction, a relatively concentrated source of calcium chloride was
required. Concentrated solutions of calcium chloride do occur in nature, such as in the
Dead Sea, the Great Salt Lake, briny wells, and small pools of water contaminated by deicing salts. Outside of these specific instances, it is uncommon for water to contain such
high concentrations of calcium chloride. Additionally, even the concrete that was
prepared using high concentrations of calcium chloride in the mixing water obtained
unconfined compressive strength equal to or greater than that of concrete prepared using
the control at just 168 hrs after mixing.
This same retarding effect was not noticeable in synthetic solutions prepared
using sodium chloride, sodium sulfate, calcium sulfate, or synthetic seawater.
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Unconfined compressive strength at 2, 24, and 168 hrs each appeared to be elevated by
solutions containing potassium chloride, magnesium chloride, and magnesium sulfate.
None of the natural water or greywater sources in this study substantially altered
the strength development of the CSA-based concrete material, and this observation was
supported by the synthetic solutions included in this study.
It was difficult to determine the time of set of the CSA cement-based flowable fill
material, and these results varied greatly. This was likely due in part to its inherently low
strength of the material and variations in the cementitious content of the pre-packaged
product. However, it did appear that both the seawater and greywater solutions
accelerated the setting behavior and early age strength development of this material.
Additional testing of the cementitious material used to produce the flowable fill material
is recommended using a higher strength product, as the strength development of this
product may be more sensitive to the use of impure sources of mixing water.
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APPENDIX A
COMPOSITION OF COMMERCIALLY AVAILABLE
CSA CEMENT-BASED MATERIALS
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The composition of the materials used in this research were characterized by Ms.
Wendy Long and Ms. Monica Ramsey in the Geotechnical and Structures Laboratory at
the Engineer Research and Development Center in Vicksburg, MS. This information
provides valuable insight into the materials used in this study as well as several other
research programs being conducted during the same time period. Since this research
benefited research programs in addition to the one described in this thesis, it has been
moved to the appendix of this report for informational purposes only.
Ten sacks each of the commercially available, prepackaged CSA cement-based
concrete and flowable fill materials were sampled at random from sacks produced in the
same lot as those used to prepare concrete test specimens. Once the composition tests
described in this section were complete, any material left over from the sack was
discarded and not used to produce concrete test specimens.
Each prepackaged material was dry blended using a single shaft paddle mixer;
then a sample weighing a minimum of 300 g was sieved over fine aggregate sieves in
accordance with ASTM C136/C136M-14, Standard Test Method for Sieve Analysis of
Fine and Coarse Aggregates [69]. Two sieve analyses were conducted on each 22.7-kg
sample of pre-packaged material. The cementitious content of each of the mixtures is
reported in Table A.1.
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Table A.1

Cementitious content of commercially available CSA cement-based
concrete and flowable fill materials

Product
Concrete
Flowable fill

Mean
28.0%
8.5%

% Passing 0.074-mm sieve (U.S. #200)
Coeff. of
Std. Dev.
Variation
1.9%
6.9
2.8%
32.5

In addition to quantifying the cementitious content, the bulk chemistry of the
cementitious portion of these 10 prepackaged samples was measured using x-ray
fluorescence (XRF) and mineralogical composition was measured using x-ray diffraction
(XRD). The bulk chemistry of these samples was analyzed using wavelength dispersive
XRF. The loss on ignition was measured in accordance with ASTM C114-18, Standard
Test Methods for Chemical Analysis of Hydraulic Cement [70]. The percentages of
oxides for the pre-blended concrete material are reported in Table A.2.
Table A.2

Bulk chemistry (XRF) of commercially available CSA cement-based
concrete materials

Oxide
SiO2
Al2O3
Fe2O3
CaO
MgO
SO3
K2O
TiO2
Other minor
oxides
Loss on ignition

Concrete
Mean
(% mass ± Std. Dev.)
14.15 ± 0.06
15.18 ± 0.06
0.93 ± 0.01
49.89 ± 0.23
1.44 ± 0.01
13.94 ± 0.05
0.61 ± 0.01
0.65 ± 0.00
0.35 ± 0.04

Flowable Fill
Mean
(% mass ± Std. Dev.)
12.89 ± 0.68
18.20 ± 1.08
1.81 ± 0.12
46.24 ± 1.40
1.40 ± .12
15.26 ± 0.90
0.43 ± 0.02
0.66 ± 0.06
0.58 ± 0.05

2.66 ± 0.38

2.53 ± 0.22
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The mineralogy of the samples was analyzed by using XRD. The diffraction
patterns were collected by using the PC-based Windows version of X-Pert Pro Data
Collector, and analyzed using the Jade2010 program (Materials Data, Inc.). Whole
pattern fits of the samples provide semi-quantitative analysis of the material and are
reported in Table A.3.
Table A.3

Mineralogy of a commercially available CSA cement-based concrete
product as measured using XRD analysis

Concrete
Mean
Mineral
Notation
(% mass ± Std. Dev.)
Anhydrite C
20.9 ± 1.4
Bassanite C +0.5H (hemihydrate) 4.5 ± 0.7
Gypsum
0.6 ± 0.6
C +2H
Ye’elimite C4A3
25.6 ± 1.2
Larnite
C2S (belite)
40.2 ± 2.6
Alite
C3 S
3.4 ± 2.6
Calcite
CaCO3
3.9 ± 2.7
Quartz
S
0.9 ± 0.9

Flowable Fill
Mean
(% mass ± Std. Dev.)
42.8 ± 12.62
3.5 ± 2.4
0.5 ± 0.6
23.1 ± 5.3
15.7 ± 4.4
8.3 ± 2.2
3.2 ± 1.3
2.9 ± 3.3

The mineralogy of the two cements appear to be quite different despite similar
bulk chemistry compositions. A meaningful variation in the anhydrite, bassanite, and
ye’elimte results was reported for each of the ten samples was also reported for the
flowable fill material. However this variation was much less for the concrete material.
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APPENDIX B
STATISTICAL ANALYSIS OF TIME OF SET AND
UNCONFINED COMPRESSIVE STRENGTH
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Table B.1

Early-age unconfined compressive strength of CSA products mixed with
natural water and greywater sources
CSA-Flowable Fill

Test
Age
(hrs)

Pooled
Std.
Dev.
(MPa)

Std.
Dev.
(MPa)

Water
Mean
Source
(MPa)
N
C (DI)
2.4
0.7
11 0.98
N(S)
4.0
0.3
4
**
N(MR)
2.0
1.6
4
2h
N(P)
2.1
0.2
7
N(G)
3.4
0.5
7
**
N(RW)
2.9
0.8
10
N(B)
2.4
0.1
10
C (DI)
4.7
0.5
9
0.87
N(S)
6.1
0.5
4
**
N(MR)
5.4
0.9
4
24 h
N(P)
4.9
0.3
6
N(G)
7.7
1.0
6
**
N(RW)
6.2
1.2
6
**
N(B)
5.1
1.2
6
C (DI)
5.0
0.8
11 0.98
N(S)
8.5
1.6
4
**
N(MR)
5.7
1.2
4
168 h N(P)
4.1
1.3
7
N(G)
6.6
1.6
7
**
N(RW)
3.6
0.3
10 *
N(B)
5.8
0.2
10
*statistically different from control, lower strength
** statistically different from control, higher strength
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CSA-Concrete
Mean
(MPa)

Std.
Dev.
(MPa)

20.4
20.4
20.9
21.2
21.2
21.1
22.5
27.3
27.3
28.4
29.0
26.2
30.5
31.0
30.7
32.0
31.5
30.1
31.6
33.0
30.3

0.6
1.9
2.7
1.0
1.4
2.7
2.1
2.1
0.5
3.8
1.5
3.6
2.8
3.9
2.4
1.4
2.2
3.8
2.4
0.9
5.1

N

6
4
4
4
4
8
6
8
4
6
4
4
10
6
11
8
4
4
4
4
6

Pooled
Std.
Dev.
(MPa)

2.01

2.90

2.87

Table B.2

Time of set of CSA products mixed with natural water and greywater
sources

Final

Initial

CSA-Flowable Fill
Pooled
Time
Std.
Std.
of Set Water
Mean Dev.
Dev.
(min) Source
(Min) (Min) N (Min)
C (DI)
26.7
6.4
6 7.3
N(S)
19.0
6.1
3
N(MR)
27.3
9.5
3
N(P)
27.3
9.3
3
N(G)
17.0
7.0
3
N(RW)
19.0
8.6
4
N(B)
27.0
1.0
3
C (DI)
50.0
14.5
6 16.7
N(S)
34.0
8.7
3
N(MR)
44.7
18.0
3
N(P)
52.0
14.1
3
N(G)
34.7
16.0
3
N(RW)
46.5
24.4
4
N(B)
60.3
15.9
3
*statistically different from control, lower strength
** statistically different from control, higher strength
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CSA-Concrete
Pooled
Std.
Std.
Mean Dev.
Dev.
(Min) (Min) N (Min)
47.0
3.1
5 3.6
47.0
2.0
4
45.3
2.1
3
46.0
1.7
3
46.0
3.6
3
44.4
2.6
5
45.5
6.8
4
48.2
2.7
5 2.9
48.3
2.2
4
46.7
1.5
3
47.3
2.1
3
47.3
3.1
3
45.4
2.6
5
46.3
4.5
4

Table B.3

Unconfined compressive strength of CSA cement-based concrete prepared
using synthetic water solutions for mixing water at 2 hrs

Concrete at 2 h
Std.
Water
Mean
Dev.
Coeff.
Source
(MPa)
(MPa)
of Var.
C (DI)
19.9
2.0
10.1
S(CC0)
19.4
3.3
17.0
S(CC7)
11.0
0.3
2.7
S(CC29)
7.0
0.4
5.7
S(CS7)
25.5
1.0
3.9
S(KC7)
25.9
0.5
1.9
S(MC4)
22.8
0.7
3.1
S(MS4)
26.7
0.6
2.2
S(NC8)
24.8
0.5
2.0
S(NC11)
20.3
0.4
2.0
S(NC50)
20.1
0.8
4.0
S(NS1)
17.2
0.7
4.1
S(S)
20.4
3.0
14.7
*statistically different from control, lower strength
** statistically different from control, higher strength
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Pooled
Std. Dev.

N
8
4
4
4
4
4
4
4
4
4
4
4
6

(MPa)
1.6
*
*
**
**
**
**

Table B.4

Unconfined compressive strength of CSA cement-based concrete prepared
using synthetic water solutions for mixing water at 24 hrs

Concrete at 24 h
Std.
Water
Mean
Dev.
Coeff.
Source
(MPa)
(MPa)
of Var.
C (DI)
27.3
2.1
7.7
S(CC0)
31.3
1.6
5.1
S(CC7)
31.2
1.6
5.1
S(CC29)
21.8
1.2
5.5
S(CS7)
29.9
2.3
7.7
S(KC7)
33.8
0.6
1.8
S(MC4)
32.3
1.8
5.6
S(MS4)
31.7
0.7
2.2
S(NC8)
23.4
4.3
18.4
S(NC11)
27.1
1.1
4.1
S(NC50)
22.3
3.0
13.5
S(NS1)
26.4
1.3
4.9
S(S)
30.4
1.9
6.3
*statistically different from control, lower strength
** statistically different from control, higher strength
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Pooled
Std. Dev.

N
8
4
4
4
4
4
4
4
4
4
4
4
6

(MPa)
2.0
**
**
*
**
**
**
*
*

Table B.5

Unconfined compressive strength of CSA cement-based concrete prepared
using synthetic water solutions for mixing water at 168 hrs

Concrete at 168 h
Std.
Water
Mean
Dev.
Coeff.
Source
(MPa)
(MPa)
of Var.
C (DI)
30.7
2.4
7.8
S(CC0)
32.9
2.7
8.2
S(CC7)
33.7
0.7
2.1
S(CC29)
38.7
0.7
1.8
S(CS7)
30.4
1.2
3.9
S(KC7)
37.2
2.2
5.9
S(MC4)
35.6
0.8
2.2
S(MS4)
34.7
1.2
3.5
S(NC8)
30.5
0.5
1.6
S(NC11)
30.0
1.2
4.0
S(NC50)
31.0
0.7
2.3
S(NS1)
30.5
1.2
3.9
S(S)
30.7
1.8
5.9
*statistically different from control, lower strength
** statistically different from control, higher strength
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Pooled
Std. Dev.

N
11
4
4
4
4
4
4
4
4
4
4
4
6

(MPa)
1.7
**
**
**
**
**

